Fiber-optic interferometric acoustic sensors exploit the phenomenon that the phase of coherent light propagating within an optical fiber is modulated when the fiber is mechanically strained by the action of an acoustic pressure wave. If monomode fiber is employed, the usual method of detecting this phase modulation is to place the fiber in one arm of a homodyning or heterodyning interferometer. 1 ' 2 Unfortunately, this procedure demands stringent mechanical alignment tolerances both at the launch end of the fiber, because of its small core, and at the exit end, because of the critical dependence of the conversion (or heterodyning) efficiency on reference-beam-fiber-beam alignment errors. 3 These problems may be overcome by employing a multimode fiber and detecting the acoustically induced intensity variations arising from mode-mode interference, 4 modulated microbending loss, 5 modulated evanescent wave coupling, 6 or modulated joint loss. 7 These techniques do, however, introduce their own attendant problems: mode-mode interference is inherently nonlinear and insensitive, whereas the other techniques demand stringent mechanical tolerances in the acoustic-optic interaction region. Previously Hall showed both experimentally 8 and theoretically 9 that the desired phase-modulation information may be decoded from the complex radiation pattern of a multimode fiber through the use of optical heterodyne and space diversity techniques. A solution requiring less-complex electronics is proposed in this Letter. The basic idea is to record a hologram of the wave front emanating from the fiber at one time and to interfere it with the fiber wave front at another time. A single photodetector may then be used to monitor the resultant fringe intensity (see Fig. 1 ). Since environmental changes cause alterations in alignment and in the structure of the multimode radiation pattern, a holographic material that can adapt to slow changes in the fringe pattern but cannot follow the more rapid acoustically induced phase modulation is required.
Considering the less complicated situation of a plane-wave object and reference beam, the intensity I of the resultant fringes formed within the holographic material is given by I = Il + I2 + 2(1I12)1/2 cos(K * r + 34 sin Qt), (1) where I, and 12 are the intensities of the two beams, K is the grating vector, r is a position vector, and 34 is the peak phase modulation impressed upon the object beam at an angular frequency Q.
Expanding Eq. (1) as a series of Bessel functions, I = I, + I2 + 2(U1I 2 )' 12 Jo(63) cos K * r + 2(11I2)1/2 E Jn(34') cos (K r + nQt). (2) n --The grating formed within the holographic material is dependent on the intensity integrated over the time constant r of the material. If Mr >> 1, the last term of Eq. (2) integrates to zero, and the effective intensity producing the grating is then given by the first three terms. These three terms are identical with the expression for the fringe intensity that is due to unmodulated beams [Eq. (1) with b34 = 0], except that the
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A method of externally introducing a nr/2-rad phase bias is shown by the dashed line.
fringe visibility has been suppressed by a factor of Jo(34). Hence the reconstruction has the same form as an unmodulated object wave, and its amplitude is also directly proportional to J 0 (34). In the context of optical-fiber acoustic sensors, the phase deviations encountered are sufficiently small (<2.4 rad) for J 0 (34) to be nearly unity.
Since it is possible in principle to reconstruct an arbitrarily polarized object wave by using a volume hologram and two angularly separated, orthogonally polarized reference waves, 1 0 a vector-field formulism will be employed in the remainder of this Letter. The electric field incident upon the photodetector of Fig. 1 may therefore be written
v where the subscripts f and 0 refer to the fiber and reconstruction beams, respectively, (Po/pf)1/2 allows for different fiber-beam power Pf and reconstruction-beam power Po, 4o is an arbitrary phase, E, is the electric field that is due to mode v, and 344 is the acoustically induced phase modulation impressed upon the field. The magnetic field H is given by an expression similar to Eq.
.
The current I from the photodetector is given by
where 7 is the responsivity and S is the active surface of the photodetector. Substituting the field expressions into Eq. (4):
where c.c. denotes the complex conjugate of the preceding term within the braces. It is easily shown 11 that the fields radiated from the endface of the fiber are orthogonal over any surface S intercepting all the radiated light. E, and H, consequently satisfy the condition 58 (E, X Ha* + EA* X HO -dS = 63VPV, (6) where 3p, is the Kronecker delta and P, is the power conveyed by mode P.
By comparing Eqs. (5) and (6), one can be see that,
provided that a7 is substantially constant over the illuminated region of the photodetector, Eq. (5) reduces to
Note that if a single reference beam is employed, the summation of Eq. (7) is taken only over those v's corresponding to modes that may be considered to have the same polarization as the reference beam.
In its present form [Eq. (7)], the photodetector's current is not linearly related to the modulation. One method of linearizing Eq. (7) is to introduce a phase bias of 0o = r/2 rad. The cosines may then be replaced by sines and, for small phase modulations, the sin 344 64), approximation used:
The detected signal is now directly proportional to an average of the phase modulations impressed upon each mode weighted by the modal powers. This average is linearly related to the acoustic pressure incident upon the fiber even if there are large phase-modulation differences between modes, a situation that causes distortion of the signal detected by more conventional means. 9 If Eq. (7) is considered for the case in which 344 = 34 for all v, K may be identified as the conversion efficiency.
Evidently K equals its maximum value of unity if the fiber-beam-reference-beam power ratio is adjusted to equalize the fiber-beam and reconstruction-beam powers. In this case, the sensitivity of the multimode-fiber acoustic sensor is equal to the theoretical sensitivity (see, for example, Ref. 1) of a monomodefiber interferometric acoustic sensor of the same length and having the same total optical power incident upon the photodetector. For a fixed source power divided between the fiber and reference paths, the sensor's sensitivity obviously increases as the hologram's diffraction efficiency approaches 100%. Diffraction efficiencies as high as this are obtainable, in principle, from a volume-phase hologram.
A survey of the literature reveals at least one class of holographic material capable of forming indefinitely recyclable volume-phase holograms, the "photorefractives." 12 The mechanism for recording is the diffusion and trapping of photoexcited electrons under fringe illumination. This mechanism gives rise to a space-charge field, which modulates the refractive index by the linear electro-optic effect. The photorefractive effect is enhanced when a field of a few thousand volts per centimeter is applied across the crystal, charge transport now being through drift rather than through diffusion. An equivalent field may be internally generated by the bulk photovoltaic effect in some photorefractives, e.g., Fe-doped LiNbO 3 . When continuously exposed changes in the wave front partially erase and then update the original stored wave front, the diffraction efficiency saturates at a value independent of the intensity and only dependent on the material, the recording geometry, and the applied field. The recording-time constant is, however, inversely proportional to the intensity.
The most sensitive photorefractive known at present is Bi 12 SiO 2 0 (BSO), which has a recording-time constant of -10 msec for 10-mW cm-2 incident intensity at X = 514 nm and an applied field of 6 kV cm- 1 . This time constant is convenient for detecting phase modulations at frequencies of a few hundred hertz or higher. 13 To detect phase modulations in the 1-100-Hz range of interest for underwater acoustic detection, either a lower incident intensity or a photorefractive with a time constant of -1 sec must be used. Fe:LiNbO3, for example, has a recording-time constant of -2 sec for a 100-mW cm-2 incident intensity at X = 514 nm. This intensity can be achieved with moderate power sources (-10 mW) if the incident beam is focused into a small region (-10 mm 2 ) within the photorefractive, although reconstruction fidelity 14 Young et al. 1 5 have shown that the diffusion mechanism produces a grating displaced by w7r/2 rad with respect to the illuminating fringes; the sign depends on the direction of the crystal's optical axis with respect to the light beams. Since the wave diffracted from the unshifted grating of a conventional-phase hologram is 7r/2 out of a phase with the original object wave, 16 this displacement causes the reconstructed wavefront to be either in phase or in antiphase with the object wave front, which is an undesirable situation for this application. In the case of gratings produced by drift, the displacement depends on the drift length. If the drift length is large compared with the fringe spacing, the displacement is the same as for diffusion. If, however, the drift length is short compared with the fringe spacing, there is a displacement of 0 or 7r rad, the choice of 0 or 7r depending on the direction of the field causing drift with respect to the optical axis and the sign of the appropriate electro-optic coefficient.
Photoexcited electron drift with a drift length of less than one optical wavelength is therefore required for this application. Unfortunately, the drift length in BSO is too long, being of the order of 8 ,um at an applied electric-field strength of 6 kV cm-'. The drift length is inversely proportional to the applied field, but if this is reduced below 1.4 kV cm-', the diffusion mechanism dominates. Fe: LiNbO 3 has a sufficiently short drift length but may be too slow for some applications.
Neither the long drift length of BSO nor the insensitivity of Fe:LiNbO 3 is the result of fundamental limitations. By better control of the type and density of the electron traps within these materials, it should be possible to produce a material tailored to a particular application.
The need to introduce a phase bias of 7r/2 rad within the holographic material itself may be overcome by driving an electro-optic modulator placed in the reference beam by a square-wave voltage at a high frequency compared with the reciprocal of the material's time constant. The signal from the photodetector is then inverted in synchronism with this voltage. If the square wave has a higher frequency than the highest frequency acoustic signal to be detected, a simple low-pass filter at the output will be sufficient to remove any switching transients. The only loss in performance caused by this scheme, or in any situation for which a 0o = 7r/2 phase bias cannot be achieved, is an effective reduction in the conversion efficiency by sin 00 [see Eq. (7)]. The diffraction efficiency is also reduced in this scheme by cos 00 because of integration of the moving fringes within the hologram [see discussion of Eq. (1)], where 00 in this case is the peak phase deviation introduced by the electro-optic modulator and is best set to 7r/4 rad.
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